Abstract. The Materials Chemistry Group of the Institute of Materials Structure Science, KEK, aims to clarify irreversible reaction processes such as structural changes of materials induced by laser shock or temperature. We have developed an experimental system using dispersive X-ray absorption fine structure (DXAFS) spectroscopy and a laser to observe these processes in real time. Destruction or a phase transition is triggered by a laser synchronized with an X-ray pulse. Previous experiments have deployed a simple sample exchanger that could load about 50 samples. For more efficient experiments, we developed a new sample exchange robot that can load about 3,000 samples and a large chamber for an oxygen-free atmosphere. The robot, the laser system, and an infrared thermometer were implemented in the chamber. The developed experimental system was installed at PF-AR-NW2A beamline in November 2017. Since then we have confirmed the effectiveness of the new robot in DXAFS experiments.
INTRODUCTION
Irreversible processes such as the destruction of materials and temperature-induced structural phase transitions of iron typified by steel quenching are hardly observed in real time. The Materials Chemistry Group of the Photon Factory (PF), Institute of Materials Structure Science (IMSS) in KEK, seeks to investigate such irreversible reaction processes. We developed an experimental system with a time resolution ranging from nanosecond to subnanosecond at PF-AR-NW2A beamline [1] using dispersive X-ray absorption fine structure (DXAFS) spectroscopy [2] and a laser system to observe and clarify these processes in real time. The laser triggers the destruction or heating of a material. We observe the change in the sample status after laser irradiation, explain the kinetically obtained spectral time development, and clarify the irreversible processes.
To observe the laser-induced destruction process in a sample, it is necessary to integrate a certain number of experimental results via sample exchange. At SRS Daresbury, a sample positioning system with x, y, z, and theta stages has been developed [3] . This system can exchange 96 samples on a plate. An automatic XAFS measurement system, which is installed at beamline BL40B2 in SPring-8 [4, 5] , can exchange up to 80 samples continuously. We also have developed and used a sample exchanger. Forty-eight samples can be fixed on a disk, which is rotated by a stepper motor.
To increase the efficiency of the DXAFS experiments as well as the repeatability of the sample position, we have developed a new sample exchange robot.
SAMPLE EXCHANGE ROBOT
The sample exchange robot has three main requirements. 1) The robot must be compatible with the current DXAFS experimental system. 2) The robot must be able to continuously exchange about 3,000 samples.
3) The repeatability of the sample position must be several tens of micrometers because the samples have to be mounted at the intersection of the X-ray pulse, the laser beam and the optical axis of the infrared thermometer. The diameter of the laser beam at the sample position is 2.0 mm, which is relatively large compared with the X-ray pulse (0.15-mm diameter). In addition, DXAFS experiments should be carried out under an oxygen-free atmosphere to prevent sample oxidation.
System overview
Figure 1(a) shows that the basic structure of the sample exchange robot is a X, Y, Z-axis stage controlled by stepper motors. The pneumatic controlled rotation axis (theta-axis) and gripper are on the Z-axis. Sample holders described in next subsection are placed in the sample box, which is fixed near the robot. The sample exchange robot is covered with a large chamber to prevent oxidation of the samples.
Figure 1 (b) shows that the robot picks up or returns the sample holder via the gripper. After picking up the sample, the robot rotates and moves the sample on the X-ray beam shown in Fig. 1(c) . The rotation axis helps make the stroke of the Y-and Z-axes shorter allowing a smaller chamber to be designed. The sample exchange robot occupies half of the chamber and the laser system to increase the temperature is installed in the other half. 
Sample holder
The robot was developed to clarify the temperature-induced structural transition process of steel. The sample holder consists of two plates, and samples such as steel foil are laced in between them. Of course, other materials can be also mounted on the sample holder. Each holder has 96 tapered holes (2-mm in diameter) and 4 screws to tightly fix them ( Fig. 2(a) ). The upper right and left of the holder are cut so that the robot can grasp the plates strongly and precisely. The two holes in the upper part of the holder are also designed for strong and precise grasping, but are not used currently. The bottom shape of the holder is designed asymmetrically so that the holders can be placed into the box without confusing the front from the back. In Fig. 2(b) , the only first holder is put back to front, and mistakes are easily identified. Because up to 30 sample holders can be placed in the sample box, 2880 samples are exchanged continuously. 
Software
For the first experiment using the newly developed robot, we wrote control software with LabVIEW (LabVIEW2016, National Instruments, USA). The user interface consists of three blocks, which depict the sample status, manual operation, and automated operation (Fig. 3) . In the status block, color indicates the positions that have already been mounted in the X-ray beam. As shown in Fig. 3 , holder 1, which contains samples 1 to 15, is used in the experiments. There are buttons to control all stepper motors and pneumatic actuators independently in the manual operation block. Prior to the experiments, the focal points of the X-ray and the laser were calibrated. Then the coordinates of the sample positions at the four corners were calibrated and all the sample position coordinates were calculated. If the user selects a specific holder number and sample number, the robot automatically picks up the selected holder and moves the selected sample into the X-ray beam according to the pre-calculated coordinates. 
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EXPERIMENTS USING THE SAMPLE EXCHANGE ROBOT
The developed experimental robot was installed at the beamline PF-AR-NW2A in November 2017. We implemented a robot on the DXAFS experimental system. The robot and laser were configured to increase the temperature of the samples. In addition, we installed an infrared thermometer inside the chamber (Fig. 4(a) ). After setting up all the systems, we closed the chamber (Fig. 4(b) ). The detector was placed outside the chamber due to size restrictions. Polyimide films (0.025-mm thick) were placed on the front and the rear windows of the chamber. Air was removed by a vacuum pump, and then the chamber was filled with helium gas to prevent scattering and absorption of the X-ray signal. Helium gas was continuously supplied during the experiments to maintain a low oxygen concentration of 0.01%. DXAFS experiments confirmed that the steel foil was not oxidized.
The developed sample exchange robot can mount and unmount a holder in 19.8 sec and 14.8 sec, respectively. The robot can change the samples in the holder within 3.6 sec. Using the sample exchange robot, the average time interval for sample exchange is 5.3 minutes compared to 12.5 minutes during previous experiments without the robot. Although much time was spent determining the experimental conditions, optimizing the conditions should realize more efficient experiments. 
CONCLUSION
We developed a sample exchange robot and a chamber for efficient DXAFS experiments without sample oxidation. The time interval of the sample exchange is shorter by more than half of that of previous experiments, demonstrating the effectiveness of the developed robot for DXAFS experiments. In the future, we plan to install a sample cooling system to observe the steel quenching process.
